Abstract-A method to translate immunity specifications of automotive modules into equivalent requirements at integrated circuit (IC) level, using linear scattering parameter models of the ICs, is presented. A technique is described to determine S-parameters of ICs by simulations based on back-annotated analog schematics. The simulation results are compared with measurement data obtained using a specially designed test board. As an example, simulation and measurement results are given for the input stage of an automotive sensor interface. A good agreement is obtained from the lowest test frequency up to 1 GHz. Above this value, the measured results seem to be dominated by package effects.
I. INTRODUCTION
Automotive modules (electronic subassemblies) need to pass many severe electromagnetic compatibility (EMC) tests before they can be integrated into a car. These so-called module-level tests are specified by the vehicle manufacturers (see e.g. [1] , which can be freely downloaded from www.fordemc.com). In order to avoid failures, which could require expensive redesigns and increase total time-to-market, it is of utmost importance to predict the results of these tests in advance by means of accurate simulations.
As explained in [2] , a correct prediction of the results of module-level radio frequency (RF) immunity tests, such as a bulk current injection (BCI) test [3] or an absorberlined shielded enclosure (ALSE) test [4] , is very challenging. Therefore, IC designers prefer to convert these unpredictable standards to more manageable IC-level ones, such as, e.g., a direct power injection (DPI) test [5] and to compare the results [6] . In [7] , a first approach to perform such module-to-IClevel test conversion was presented, successfully translating a BCI test of a pressure sensor assembly to a DPI test. In order to model the IC-under-test, its scattering parameters (Sparameters) were measured. Obviously, such a measurement is only possible if engineering samples of the IC are available.
In this paper we propose to perform the conversion between the tests using simulated S-parameters of the investigated IC.
In this way, module/IC-level requirements can be imposed on the circuit while it is still in its early design stage. We prove that proper simulation of the S-parameters of the IC-undertest in its normal operating point can accurately predict the measurement results, so that it is no longer needed to measure a prototype.
The paper is organized as follows. First, in Section II the principle of the module to IC-level test conversion is explained in detail. Second, in Section III a simulation method to obtain accurate S-parameters is described, which is based on the back-annotated analog schematics of the chip. The next section presents a measurement set-up, which makes use of a specially designed test board with external bias tees and direct current (DC) blocks that was used to validate the simulated data. Section V compares the results for the input stage of the automotive sensor interface described in [7] . Finally, in Section VI conclusions are drawn.
II. CONVERSION OF MODULE-LEVEL TO IC-LEVEL RF IMMUNITY REQUIREMENTS
In order to avoid unexpected failures of module-level EMC tests, it is appropriate to simulate these tests in advance [8] , [9] . For RF immunity tests this becomes very challenging, because a normal model of the full set-up will either be too inaccurate (e.g. a lumped circuit model) or it will require an excessive amount of simulation time (e.g. a full-wave model). However, if the set-up is partitioned into subparts that are each modeled in their own appropriate way, an efficient model of the full set-up can be derived by properly combining all these sub-models in a high-level system model.
Once such a suitably partitioned system model has been set up, one is still faced with the challenge of deriving an adequate behavioral model of the chip (or chips) that is (are) part of the module. Ideally, this should be a nonlinear behavioral model that not only simulates the wanted functional and unwanted EMC behavior of the IC, but that is also efficient enough to be used in a higher-level simulation. However, although techniques have been developed already to derive such models for circuit blocks such as voltage regulators (see [10] , [11] ), their extension to full chips would still be very laborious and time-consuming. Therefore, a more efficient alternative approach can be applied, where the module-level RF immunity requirements are translated into equivalent IClevel requirements. These equivalent conditions can be used then by the chip designers to optimize the chip architecture and design for its intended application. Fig. 1 illustrates the procedure. An IC design serves as a starting point in this flowchart. From the completed design of the IC its S-parameters are obtained by means of simulations (see Sec. III). These Sparameters are used then together with a partitioned model of the module-level test set-up and the EMC specifications to simulate the results of the module-level test, such as BCI. The results of this simulated test, being RF currents and voltages in case of the BCI test, are then used to calculate equivalent requirements for the IC-level test, which for the DPI test would be equivalent DPI power levels that the IC should be able to withstand. At the same time, the IC design is used together with the partitioned model of the IC-level set-up to simulate the results of the IC-level DPI test. If the obtained results meet the equivalent DPI levels (obtained from the BCI test results) it means that the IC is designed properly and would pass both IC and module-level tests. However, if the results do not comply with the equivalent IC-level requirements, the re-design of the IC and/or the module is needed.
Although this conversion has proven to be very useful and seems to be quite accurate, it is based on a few assumptions that have proven to be valid in many cases, but should be checked in each application of the proposed method. The first and most important assumption is that the IC is assumed to behave linearly as long as it meets the pass/fail criteria of the RF immunity test to be simulated. If that assumption holds, the nonlinear large-signal analysis can be replaced by a linear small-signal AC analysis so that the IC can be modeled by its S-parameters.
The second assumption concerns the conversion to equivalent DPI requirements. As already explained in [7] , the equivalent DPI levels at each port (i.e. at each pin referenced to ground) can be easily derived from the calculated smallsignal RF currents and voltages at each port of the S-parameter model. However, this means that all these DPI levels should be injected at the same time to have a full equivalence with the module-level test whereas in a standard DPI test [5] the pins are tested one-by-one. Hence our second assumption is that this does not make a lot of difference in most practical cases. Obviously, this is a weakness of our method that needs further study, but fortunately, if the IC-level tests are simulated, it should be fairly straightforward to apply the different calculated pin injections at the same time.
III. SIMULATION OF S-PARAMETER IC MODELS
A method was developed to calculate the S-parameters of an automotive IC. As a case study an input stage of an automotive sensor interface was used, which was described in detail in [7] . The technique consists of three steps, namely, (1) determination of the operating point, (2) determination of the chip-level S-parameters in this operating point, and (3) incorporation of the package effects.
The first two steps deal with the determination of the chiplevel parameters and are quite time-consuming as the full chip needs to be simulated. On the contrary, the third step was very quick, because simple lumped models were applied to simulate the package.
In order to perform steps (1) and (2), a full chip model needs to be constructed. To do so, RC back-annotated circuit models were extracted for the analog blocks whereas Verilog behavioral models were used for the digital blocks. To further improve the accuracy of the model, simple models for the inductance of long metal connections and the substrate coupling between the pins-under-test were added. These "manual" circuit additions were necessary as they were not taken into account by our RC back-annotated schematics.
To complete the chip model (to be used in steps (1) and (2)), the requested S-parameter ports need to be added but one has to make sure (by using DC blocks or switches) that the 50 Ω impedances of these ports do not load the circuits in the first step. For this first step, a real operating point analysis did not work very well in the investigated cases. Therefore, a transient analysis was used to bring all circuits in the correct operating conditions (e.g. capacitors charged to the right levels, no circuits clipping, sample & holds set correctly) so that step (2) could be carried out. As this step (2) was just a small-signal AC analysis, it proved to be much more straightforward than step (1) .
In the final step (3), package effects were added to the chiplevel S-parameters obtained in the previous step. Similar to step (2), this is a very straightforward step as the S-parameter model of the chip can be integrated in the package model very easily.
IV. MEASUREMENT OF S-PARAMETER IC MODELS
In order to measure S-parameters of ICs, a vector network analyzer is needed. In this work we used a 4-port Agilent E5071B ENA. To connect this instrument to the IC-under-test, our original idea was to use the DPI test board of the IC-undertest (see e.g. [12] ), but we soon realized that it was better to use off-board DC blocks and bias tees instead of integrating them on the board such as in a DPI test board. In that way, the effect of these DC blocks and bias tees can be calibrated out and good 50 Ω connections can be made between the pinsunder-test and their corresponding coaxial connectors. Fig . 2 shows the bottom side of the four-layer board, with a cross-section and substrate parameters depicted in Fig. 3 , that was used to measure the results given in the next section. It is the same board that was also used to measure the S-parameters used in [7] . One can see five coaxial connectors with their connecting microstrip lines. This 5-port was measured by combining the results of three 4-port measurements into one 5×5 S-parameter matrix. However, only a 2×2 sub-matrix of it was used in the comparison with simulated results presented in this paper, because the other three pins were not really useful for this purpose as a decoupling capacitor (mounted on the top side of the board) was attached to them.
Prior to the actual measurements, the set-up was calibrated at the reference planes of the test board connectors. To eliminate the effect of the board, the reference planes were moved to the IC pins using port extensions. These port extensions were determined using the test structures that are also shown in Fig. 2 . In all cases the test frequency range was 300 kHz (lowest test frequency of the Agilent E5071B) to 3 GHz (considered to be the maximum usable test frequency of the test board).
V. COMPARISON OF MEASURED AND SIMULATED RESULTS
Figs. 4, 5 and 6 show both the measurement and simulation results for the two-port input stage of the ASIC described in [7] . Separate plots are shown for the amplitude (in dB) and phase (in degrees) of the s 11 The total calculation time of steps (1) and (2) of the Sparameter simulations was 16 hours. All simulations were performed in Cadence Spectre, using a server with a 6-core 2.4 GHz CPU and with 98 GB of RAM. These chip-level results are represented in all figures by a green dashed line with circles (•), labeled as "die only". They are compared with an additional calculation result that includes package effects, plotted as dashed blue line with squares ( ) and labeled "die package", and with the measurement results drawn with solid red line and labeled "measurement". The package model consisted of two 2 nH inductances (connected to the two input bond pads) and one 5 nH inductance (connected to the ground bond pad located at the other side of the die).
From the results depicted in Figs. 4, 5 and 6 it is clear that a good agreement between simulations and measurements is obtained up to 1 GHz. Above 1 GHz the correspondence starts to deteriorate quickly but could probably be improved by using more accurate package models.
VI. CONCLUSIONS
In this paper, a method was proposed to transform the RF immunity requirements of automotive modules into equivalent IC-level requirements that can be applied to the ICs that are integrated in the modules. The conversion is based on a partitioned model of the full test set-up where the IC is modeled in its normal operating point by a linear S-parameter model obtained by means of simulations. In this way, the EMC behavior of the IC is validated when the circuit is still in its early design stage, before it has been taped-out. A good correspondence obtained between the simulated and measured S-parameters of the IC confirms the validity and usefulness of this approach.
